Background. In patients receiving highly active antiretroviral therapy (HAART), antiretroviral drug-metabolizing enzyme and transporter gene polymorphisms, as well as chemokine receptor gene polymorphisms, may influence response to treatment.
Methods. In a North American, treated, adherent human immunodeficiency virus (HIV)-positive cohort (selfidentified whites, n 5 175; blacks, n 5 218), we investigated whether CYP2B6 (516G.T, 983T.C), UGT2B7 (IVS11985A.G, 802C.T), MDR1 3435C.T, chemokine (C-C motif) receptor 2 (CCR2) 190G.A, and CCR5 (22459G.A, D32) polymorphisms influenced the time to achieve virologic success (TVLS).
Results. No difference in TVLS was observed between races. In Kaplan-Meier analyses, only 516G.T (log-rank P 5 .045 for comparison of GG, GT, and TT and P 5 .02 GG 1 GT vs TT) and 22459G.A (log-rank P 5 .04 for GG, GA, and AA and P 5 .02 for GG 1 GA vs AA) genotypes were significantly associated with TVLS in black patients but not in white patients. However, in the Cox proportional hazards model that included age, sex, baseline CD4 1 T cell count, and baseline viral load, no significant association was observed between 516G.T and TVLS, whereas the association between 22459G.A and TVLS remained significant even after including CCR2 190G.A as well as all the drug-metabolizing enzyme and transporter genotypes.
Conclusions. These findings suggest that CCR5 22459G.A genotype had a strong, race-specific influence on TVLS in this cohort. Understanding the possible mechanisms underlying this influence requires further studies.
The introduction of highly active antiretroviral therapy (HAART) as a standard of care has markedly decreased the incidence of AIDS and improved prognoses in persons with AIDS or human immunodeficiency virus (HIV) infection [1] . However, a number of clinical factors, including regimen, adherence, and stage of infection or disease at the initiation of therapy, are known to influence response to HAART [2] [3] [4] . In addition, host-related genetic factors, including polymorphisms in antiretroviral drug-metabolizing enzyme and transporter genes, as well as those in the chemokine (C-C motif) receptor 5 (CCR5) and CCR2 genes, may influence the response to HAART [5] .
Among a variety of antiretroviral drugs that are included in HAART, metabolism is relatively well defined for the nonnucleoside reverse-transcriptase inhibitors (NNRTIs) efavirenz (EFV) and nevirapine (NVP), as well as for the nucleoside reverse-transcriptase inhibitor (NRTI) zidovudine (AZT). The hepatic cytochrome P450 2B6 enzyme (CYP2B6) plays a major role in the hydroxylation of both EFV and NVP [6, 7] . CYP2B6 is highly polymorphic, and of all the functional single-nucleotide polymorphisms (SNPs) in this gene, 516G.T (rs3745274, exon 4, Gln172His) and 983T.C (rs28399499, exon 7, Ile328Thr) have been consistently found to affect the pharmacokinetics of EFV and NVP in HIV-infected patients [8] [9] [10] [11] [12] [13] . UDPglucuronosyltransferase 2B7 (UGT2B7) catalyzes direct glucuronidation of AZT as well as EFV [14] . Of all the functional SNPs in UGT2B7, the most prevalent 802C.T (rs7439366, exon 2, His268Tyr) affects the glucuronidation of AZT but not of EFV [14] . Recently, 802C.T was found to be significantly associated with lower EFV plasma concentrations in HIV-infected patients in univariate analysis, but not in multivariate analysis [15] . However, the influence of 802C.T on treatment responses to AZT and EFV is unknown. Furthermore, the phenotypic consequences are unknown for another highly prevalent SNP, IVS11985A.G (rs62298861; intron 1; frequency, .09-.37 in North American populations [Mehlotra et al, unpublished observation]) [16] , which may have effects on the glucuronidation of and treatment responses to these drugs. Finally, P-glycoprotein (P-gp), an efflux transporter encoded by multidrug resistance 1 gene (MDR1 [ABCB1]), is involved in the absorption, distribution, and elimination of a wide variety of drugs, including protease inhibitors [17] . Fewer data are available in the literature regarding affinity of NNRTIs and NRTIs for P-gp. EFV and NVP are not known to be P-gp substrates, but AZT may be one [17] . MDR1 is also highly polymorphic, and of all the exonic SNPs in this gene, the most functionally significant 3435C.T (rs1045642, exon 26, Ile1145Ile) [18] , alone or together with the CYP2B6 SNPs, has been the focus of attempts to understand consequences of variation in MDR1 on EFV pharmacokinetics and treatment response; these attempts have yielded discordant results [8, 9, 11, 12, 19] .
Among the chemokine receptor polymorphisms, a 32-base pair (bp) deletion in the CCR5 open reading frame (ORF) (D32, rs333), a SNP in the CCR5 promoter region (22459G.A, rs1799987), and a SNP in the CCR2 ORF (190G.A, rs1799864, Val64Ile) have been the focus of a variety of studies examining their effects on HIV disease progression and response to HAART [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The CCR5 22459G/A allelic variants are also known as 59029G/A (based on GenBank accession no. U95626) and 303G/A [33] , and the A allele-containing most prevalent haplotype is called HHE [33] . The 22459G allele has been associated with significantly lower expression of CCR5 on leukocytes compared with the 22459A allele [34] . In some studies, the CCR5 D32 and 22459G alleles have been shown to be associated with improved clinical outcomes among HAART-treated patients, consistent with observations in treatment-naive patients, reported elsewhere [20, 24-27, 30, 32] . On the other hand, some studies reported an insignificant trend or no effect of the CCR5 polymorphisms on response to HAART [21-23, 28, 29, 31] . Regarding the CCR2 190A (64Ile) allele, most studies found an insignificant trend or no effect on response to HAART [20, 28, 31, 32] , with a few exceptions reporting a positive [29] or negative effect [25] .
Most previous studies designed to examine genetic associations with response to HAART have focused on polymorphisms in either drug-metabolizing enzyme and transporter [8] [9] [10] [11] [12] [13] 19] or chemokine receptor sets of genes [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] , and thus may have reached less comprehensive conclusions. In the present study, we explored associations between polymorphisms in both of these sets of genes and virologic response to HAART. This study was conducted in a North American HIV-positive cohort that had received HAART regimens containing EFV, NVP, and/or AZT and had a high rate of adherence to treatment. Furthermore, the cohort had near equal representation of 2 major races, white (European American) and black (African American). The major aims of the study were to determine (1) whether race or certain CYP2B6, UGT2B7, and MDR1 genotypes influence the time to achieve virologic success (TVLS) and (2), given that this was a cohort of treated patients with high adherence, whether certain CCR2 and CCR5 genotypes, known to influence HIV infection and progression to AIDS, also influence TVLS. For these aims, we first asked whether TVLS differs by race. We then asked whether TVLS differs by genotype within each race. Our results provide new insights regarding the influence of CYP2B6 516G.T and CCR5 22459G.A genotypes on TVLS.
METHODS

Study Cohort and Genomic DNA Extraction
All subjects (n 5 393) were adults with confirmed HIV infection, receiving care at the Special Immunology Unit of Case Western Reserve University/University Hospitals Case Medical Center, Cleveland, OH. Patients were included if their first HAART regimen (defined as R3 drugs, including R1 NNRTI or protease inhibitor) contained EFV (41.5%), NVP (11.2%), and/ or AZT (72.3%). No patient received the CCR5 antagonist maraviroc. These patients were followed up for R6 months after initiation of HAART and had available viral load results during that period. They were also required to have a recorded adherence to their HAART regimen of R90% during the 6 months after HAART initiation, with 72-hour recall of missed doses used to assess adherence. The predictive value of this tool in this population has been previously assessed in 833 patients and found to be closely associated with the probability of virologic failure at subsequent visits [35] . Information on adherence was available for 84.3% of visits for patients receiving EFV-containing, 90% of visits for those receiving NVP-containing, and 83.7% of visits for those receiving AZT-containing HAART regimens.
Deidentified packed blood pellets, collected from eligible patients during 1996-2007, were obtained from the Case Western Reserve University Center for AIDS Research specimen repository. Genomic DNAs were extracted from 200 lL of packed blood pellets with use of a QIAamp 96 DNA blood kit (Qiagen) [36] . All patients provided written informed consent for deidentified clinical data and specimen collection, storage, and usage in genetic and nongenetic studies. The data and specimen collection protocol was approved by the Institutional Review Board of University Hospitals Case Medical Center.
Polymerase Chain Reaction and Agarose Gel Electrophoresis
The primers and conditions to selectively amplify CYP2B6 exons 4 and 7 [37, 38] , UGT2B7 exon 2 [36] , and MDR1 exon 26 [39] regions have been described elsewhere. The primers and conditions to selectively amplify UGT2B7 intron 1 (411 bp), CCR2 ORF (327 bp), CCR5 promoter (1118 bp), and CCR5 ORF (312/ 280 bp) regions are described in Table 1 ; online only.
SNP and CCR5 D32 Genotyping
After polymerase chain reaction amplification, genotyping of CYP2B6 (516G.T and 983T.C) [37, 38] , UGT2B7 802C.T [36] , and MDR1 3435C.T [39] SNPs was performed by using an oligonucleotide ligation detection reaction-fluorescent microsphere assay on the Bio-Plex suspension array system (BioRad Laboratories), as described elsewhere. Using the same assay, we performed genotyping of UGT2B7 IVS11985A.G, CCR2 190G.A, and CCR5 22459G.A SNPs. The ligation detection reaction primers and conditions to genotype these SNPs, and the mean log-transformed fluorescent values corresponding to each of the genotypes (with 95% confidence intervals [CIs]), are presented in Table 1 ; online only. For the CCR5 D32 mutation, difference in the polymerase chain reaction amplicon size determined the presence (280 bp, deletion allele) or absence (312 bp, normal allele) of the mutation.
Statistical Analysis
From the genotype data, CYP2B6, UGT2B7, MDR1, CCR2, and CCR5 allele frequencies were calculated and the Hardy-Weinberg exact test was performed for each group of patients using GenePop software (http://genepop.curtin.edu.au/). Differences in the allele frequencies between groups were measured using Fisher's exact test (http://www.langsrud.com/fisher.htm). To analyze linkage disequilibrium (LD) between alleles, we calculated Lewontin's D# and correlation coefficient (r 2 ) parameters using SHEsis software (http://analysis.bio-x.cn/myAnalysis.php).
Since the observation period began in 1996, viral loads of a significant proportion of patients were measured using the Amplicor HIV-1 Monitor test (Roche), with a lower limit of detection of 400 copies/mL. Therefore, virologic success was defined as a viral load ,400 copies/mL within 6 months of HAART initiation, and the only patients included were those with viral loads R400 copies/mL at HAART initiation. TVLS was expressed as the median number of days. Analysis started at the beginning of the first HAART regimen, even if patients had received antiretrovirals before then.
We analyzed associations between CYP2B6 UGT2B7, MDR1, CCR2, and CCR5 genotypes and TVLS using Kaplan-Meier analysis and the Cox proportional hazards model (Cox model). To analyze genotype-phenotype associations, polymorphisms in CYP2B6 (n 5 2), UGT2B7 (n 5 2), and CCR2-CCR5 (n 5 3) were considered singly, not as haplotypes. The association analyses were performed using SAS software (version 9.2). For all statistical analyses, differences were considered significant at P , .05.
RESULTS
The characteristics of the cohort are presented in Table 1 . Self-identified whites (n 5 175) and blacks (n 5 218) were approximately equally represented, and the sex distribution reflected the demographics of our clinic, with a predominance of male subjects. CD4
1 T-cell counts and viral loads at the initiation of HAART were similar between races, and the distribution of HAART regimens did not differ significantly between races ( Table 2 ). The majority of these patients had a history of exposure to antiretrovirals before their first HAART regimen; prior antiretroviral exposure was relatively evenly distributed across the 3 medication groups (EFV, 74%; NVP, 88.6%; AZT, 73.8%) and did not differ significantly between races (P 5 .224).
Allele Frequencies and Linkage Disequilibrium
The observed frequencies of the CYP2B6, UGT2B7, MDR1, CCR2, and CCR5 alleles in white and black patients are presented in Table 3 . We observed significant differences between races in CYP2B6 516T and 983C, UGT2B7 IVS11985G and 802T, MDR1 3435T, and CCR5 D32 allele frequencies, and marginally significant differences in CCR2 190A and CCR5 22459A allele frequencies. There was no significant departure from Hardy-Weinberg equilibrium among white or black patients (data not shown). The pairwise LD in white and black patients, represented by both D# and r 2 parameters, is presented in Table 4 . The patterns of LD were similar between races. The allele frequency and LD results are in agreement with those reported elsewhere for comparable populations [36] [37] [38] [39] [40] .
Race and Virologic Success
A total of 262 patients (67%) achieved virologic success (white patients, n 5 126 [72%]; black patients, n 5 136 [62%]). Using Kaplan-Meier analysis, we found no significant difference in TVLS between races (93 days for white patients and 94 days for black patients; log-rank P 5 .67).
Drug-Metabolizing Enzyme/Transporter Genotypes and Virologic Success
In white patients, Kaplan-Meier analysis showed no significant difference in TVLS among CYP2B6 516G.T (log-rank P 5 .45), UGT2B7 IVS11985A.G (log-rank P 5 .82), UGT2B7 802C.T (log-rank P 5 .45), and MDR1 3435C.T (log-rank P 5 .52) genotypes.
In black patients, Kaplan-Meier analysis showed no significant difference in TVLS among CYP2B6 983T.C (log-rank P 5 .16), UGT2B7 IVS11985A.G (log-rank P 5 .47), UGT2B7 802C.T (log-rank P 5 .17), and MDR1 3435C.T (log-rank P 5 .52) genotypes. On the other hand, we observed a significant association between CYP2B6 516G.T genotype and TVLS; patients carrying the 516G allele achieved virologic success significantly earlier (GG, GT, and TT, 155, 161, and 177 days, respectively [log-rank P 5 .045]; GG 1 GT and TT, 161 and 177 days, respectively; [log-rank P 5 .02]). However, in the Cox model that included age, sex, baseline CD4
1 T-cell count, and baseline viral load, no significant association was observed between CYP2B6 516G.T genotype and TVLS (P 5 .12 for GG or GG 1 GT vs TT; P 5 .78 for GG vs GT).
Chemokine Receptor Genotypes and Virologic Success
In white patients, Kaplan-Meier analysis showed no significant difference in TVLS among CCR2 190G.A (log-rank P 5 .44), CCR5 22459G.A with (log-rank P 5 .4 [n 5 175]) or without (log-rank P 5 .49 [n 5 155]) CCR5 D32, and CCR5 D32 (logrank P 5 .31) genotypes. In black patients, Kaplan-Meier analysis, showed no significant difference in TVLS among CCR2 190G.A genotypes (log-rank P 5 .93). On the other hand, we observed a strong association between CCR5 22459G.A genotype and TVLS; patients carrying the 22459G allele achieved virologic success significantly earlier (GG, GA, and AA, 76, 98 and 131 days, respectively [log-rank P 5 .04]; GG 1 GA and AA, 88 and131 days, respectively [log-rank P 5 .02]) (Figure 1a, 1b) . Finally, no significant association was observed between CCR5 22459G.A genotype and TVLS when white and black patients were combined (log-rank P 5 .51), indicating that the lack of association in white patients was not due to inadequate sample size.
DISCUSSION
In the present study, conducted in a North American HIVpositive cohort including 2 major races, white and black, 3 main observations were made regarding TVLS as the response to treatment with HAART: First, the treatment response did not differ significantly by race. Disparate virologic responses to HAART between races or ethnicities may [41] or may not occur [42, 43] . Interethnic differences in certain allele frequencies (eg, higher frequencies of the CYP2B6 516T and 983C alleles in black populations and of the CCR5 D32 allele in white populations) may be correlated with differences in response to HAART. In our study, despite significant differences in the allele frequencies of the drug-metabolizing enzyme, transporter, and chemokine receptor genes between white and black patients (Table 3) , we did not observe a significant difference in TVLS between the 2 groups. Second, in the drug-metabolizing enzyme and transporter set of genetic polymorphisms, the treatment response differed significantly only by CYP2B6 516G.T genotype in black patients, but not in white patients. Among black patients, those who carried the 516G allele achieved virologic success significantly earlier. Interestingly, this association was nonsignificant in the Cox model that included age, sex, baseline CD4 1 T-cell count, and baseline viral load. Many studies involving ethnically diverse patients have analyzed the association between CYP2B6 genotypes and the pharmacokinetics of EFV and NVP [8] [9] [10] [11] [12] [13] and also between CYP2B6 and/or MDR1 genotypes and EFV-related treatment responses [8, 9, 11, 12, 19] . Although the results pertaining to the association between CYP2B6 genotypes and the pharmacokinetics of these drugs are mostly consistent across these studies, those pertaining to the association between CYP2B6 and/or MDR1 genotypes and EFV-related treatment responses remain unclear. Furthermore, the results of these studies [8] [9] [10] [11] [12] [13] suggest that the interrelationship among ethnicity, CYP2B6/MDR1 genotypes, and the phenotypes considered therein is far from clear; ethnicity may [8, [10] [11] [12] or may not [9, 13] influence genotype-phenotype associations. Our study was not designed to analyze the pharmacokinetics of any of these drugs or any treatment response other than TVLS. However, when we consider our results together with those of other studies [8, 9, 11, 12, 19] , it seems either that the drug-metabolizing enzyme/transporter genotypes considered so far do not substantially influence response to HAART or that the extent of their influence may be cohort dependent. To our knowledge, whether UGT2B7 SNPs affect antiretroviral treatment response has not been reported elsewhere. Several promoter variants were reported to alter expression of UGT2B7 [44] , and it is still unknown whether coding SNPs other than 802C.T result in impaired catalytic activity toward EFV. Recently, a synonymous coding SNP, 735A.G, was found to be associated with faster AZT clearance in patients coinfected with HIV and tuberculosis, and with higher AZT glucuronidation in vitro [45] . Therefore, additional polymorphisms in UGT2B7 as well as relationships between UGT2B7 polymorphisms and treatment responses to AZT and EFV in other cohorts should be investigated.
Third, in the chemokine receptor set of genetic polymorphisms, the treatment response differed significantly only by CCR5 22459G.A genotype in black patients, but not in white patients. Among black patients, those who carried the 22459G allele achieved virologic success significantly earlier. No significant differences in baseline viral load (P 5 .61) or baseline CD4 1 T-cell count (P 5 .48) were observed among the 3 CCR5 22459 genotypes in black patients. The association between the 22459G allele and TVLS remained significant even when CCR2 190G.A as well as all the drug-metabolizing enzyme and transporter genotypes, including CYP2B6 516G.T, were included in the Cox model, suggesting that CCR5 22459G.A genotype had a stronger influence on TVLS in black patients. As described above, studies that have analyzed the effects of chemokine receptor gene polymorphisms on response to HAART have yielded inconsistent results [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Because these studies were conducted in various populations under a variety of designs, it is difficult to compare our findings directly with the findings of these studies. Nevertheless, the race-specific influence of the 22459G allele, observed in black patients in our study, was not reported in any of the other studies.
Some of the studies reported elsewhere found a significant association of CCR5 D32 with improved responses to HAART [24, 26, 27, 30] . In our white patients, we did not observe significant association between this deletion and TVLS. In addition to probable differences in cohort and design between those studies and ours, it may be that the frequency of the D32 allele in our white patients (.06) was too low for us to detect a difference in the outcome between wild-type (wtwt) homozygotes (n 5 155 [88.57%]) and wtD32 heterozygotes (n 5 20 [11.43%]).
The observation that CCR5 22459G exerted a race-specific influence on response to HAART raises the question of whether the genetic characteristics of this cohort are in any way unique. In an attempt to answer this question, we further analyzed patterns of LD at the CCR2-CCR5 locus in both groups of patients, by including other known SNPs in the CCR5 promoter region (22733A.G, 22554G.T, 22135T.C, 22132C.T, 22086A.G, and 21835C.T). When we performed pairwise LD analysis of all the 9 CCR2-CCR5 polymorphisms, the overall patterns of LD were similar between whites and blacks (data not shown) and were similar to the patterns seen in comparable populations [46] . We also quantified admixture in both groups of patients by using the Duffy blood group antigen (FY) as a population-specific marker. [47] . Thus, our analysis of the CCR2-CCR5 locus and admixture proportions, based on FY alleles, did not reveal any unique genetic characteristics of this cohort. However, analyses should take into consideration genetic characteristics based on other genes potentially important in HIV/AIDS pathogenesis, located on chromosome 3 along with CCR2-CCR5, or on other chromosomes [40, 46, 49] . Finally, to determine whether the race-specific influence of CCR5 22459G in black patients is unique to this HIV-positive cohort requires future study of various North American and African cohorts. We acknowledge that our study has some limitations. Most of the patients in our study had prior exposure to antiretrovirals, and this exposure did not differ significantly between races. Thus, it is important to note that for these patients, the first HAART regimen was not necessarily their initial therapy. However, we did not consider data regarding prior antiretroviral exposure into our genotype-phenotype association analyses. Adherence is a significant factor in response to HAART [50] , and the tool we used to assess adherence, self-reported 72-hour recall of missed doses, is admittedly less precise than other measures, such as pill counts or electronic monitoring. Nevertheless, this tool has been clinically validated in our patient population [35] , and we therefore feel confident that it provides a meaningful measure of adherence in this cohort. We intentionally selected a stringently high level of adherence as an inclusion criterion (R90%), in an attempt to minimize the confounding effect of adherence on the results.
In conclusion, a strong, race-specific influence of CCR5 22459G.A genotype on TVLS was observed in a North American, treated, adherent HIV-positive cohort. Understanding the possible mechanisms underlying this influence is important, because it would probably enhance our understanding of genetic factors influencing response to antiretroviral drugs in diverse worldwide populations, complementing our current efforts to further lessen the morbidity and mortality due to this global killer. 
